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32
The US Global Positioning System (GPS) first became operational in 1995 as the first Global 33 Navigation Satellite System (GNSS Throughout the past two decades, GPS data analyses of both global and regional networks have been 49 affected by various changes in processing strategy and updates of precise models and products, 50 reference frames and software packages. To reduce discontinuities in products, particularly within 51 coordinate time series, homogeneous reprocessing was initiated by the IGS and EUREF on a global 52 and regional scale, respectively. To exploit the improvements in these IGS global products, the 2 nd 53
European reprocessing was performed in 2015-2016, with the ultimate goal of providing a newly 54 realized ETRS. 55
Currently, station coordinate parameter time series from reprocessed solutions are mainly used in 56 the solid earth sciences as well as to maintain global and regional terrestrial reference systems. 57
Additionally, from an analytical perspective, the long-term series of estimated parameters and their 58 residuals are useful for assessing the performances of applied models and strategies over a given 59 period. Moreover, tropospheric parameters derived from this GNSS reanalysis could be useful for 60 climate research (Yuan et al., 1993), due to their high temporal resolution and unrivalled relative 61 accuracy for sensing water vapour when compared to other techniques, such as radio sounding, 62 water vapour radiometers, and radio occultation (Ning, 2012) . In this context, the GNSS Zenith 63
Tropospheric Delay (ZTD) represents a site-specific parameter characterizing the total signal path 64 delay in the zenith due to both dry (hydrostatic) and wet contributions of the neutral atmosphere, 65 the latter of which is known to be proportional to precipitable water (Bevis et al. 1994) . 66
With the 2 nd EUREF reprocessing, the secondary goal of the GOP was to support the activity of 67
Working Group 3 of the COST Action ES1206 (http://gnss4swec.knmi.nl), which addresses the 68 evaluation of existing and future GNSS tropospheric products, and assesses their potential uses in 69 climate research. For this purpose, GOP provided several solution variants, with a special focus on 70 optimal tropospheric estimates, including VMF1 vs. GMF mapping functions, the use of different 71 elevation cut-off angles, and estimates of tropospheric horizontal gradients using different time 72
resolutions. Additionally, in order to enhance tropospheric outputs, we enhanced the processing 73 strategy in a variety of ways compared to the GOP Repro1 solutions (Douša and Václavovic, 2012): 1) 74 by combining tropospheric parameters in midnights and across GPS week breaks, 2) by checking 75 weekly coordinates before their substitutions in order to estimate tropospheric parameters, and 3) 76 by filtering out problematic stations by checking the consistency of daily coordinates. The results of 77 this GOP reprocessing, including all available variants, were assessed using internal evaluations of 78 applied models and strategy settings, and external validations with independent tropospheric 79 parameters derived from numerical weather reanalyses. 80
In Section 2, we describe the processing strategy used in the 2 nd GOP reanalysis of the EUREF 81 permanent network. In Section 3, we describe the approach developed to guarantee continuity of 82 estimated tropospheric parameters at midnights as well as between different GPS weeks. In Section 83 cases, tropospheric parameters with a temporal resolution of one hour were reported in the middle 136 of the hour, as was originally estimated. In the 2 nd GOP reprocessing, using again hourly estimates, 137
we applied a piecewise linear model for the tropospheric parameters. The parameter continuities at 138 midnights were not guaranteed implicitly, but only by an explicit combination of parameters at daily 139 boundaries. For the combination procedure we used three consecutive days while the tropospheric 140 product stems from the middle day. The procedure is done again for three consecutive days shifted 141 by one day. A similar procedure, using the piecewise constant model, was applied for estimating 142 weekly coordinates which aimed to minimize remaining effects in consistency at transition of GPS 143 weeks (at Saturday midnight). The coordinates of the weekly solution corresponding to the middle 144 day of a three-day combination were fixed for the tropospheric parameter estimates. In the last step, 145
we transformed the piecewise linear model to the piecewise constant model expressed in the middle 146 of each hourly interval (HR:30), which was saved in the TRO-SINEX format to support the EUREF 147 combination procedure requiring such sampling. The original piecewise linear parameter model was 148 thus lost and to retain this information in the official product in the TRO-SINEX format, we 149
additionally stored values for full hours (HR:00). 
Assessment of reprocessing solutions
165
GOP variants and reprocessing models were assessed by a number of criteria, including those of the 166 internal evaluations of coordinates' repeatability, residuals at reference stations, and the external 167 validation of ZTDs and tropospheric horizontal gradients with data from numerical weather model 168 (NWM) reanalyses. 169 170 We used coordinate repeatability to assess the quality of models applied in GNSS analysis. To be as 171 thorough as possible, we not only assessed all GOP Repro2 variants but also assessed two GOP 172
Reference frame and station coordinates
Repro1 solutions in order to discern improvements within the new reanalyses. The two Repro1 173 solutions differed in their used reference frames and PCV models: IGS05 and IGS08. 174 although the actual mapping functions and ZHD a priori modelling outperform the blind models used 250 in the GO0 variant. This conclusion is also supported by the coordinate repeatability assessment from 251 the previous paragraphs and is confirmed through an independent assessment of ZTD, as is explained 252 in the following paragraphs. 253
We then compared reprocessed tropospheric parameters with respect to independent data from the 254 ERA-Interim global reanalysis (Dee et to use more accurate a priori ZHD, resulted in the ZTD standard deviation improving from 8.8 mm 268
(GO0) to 8.3 mm (GO1). Using non-tidal atmospheric loading corrections along with precise 269 modelling of a priori ZHD further contributed to this improvement by reducing this ZTD accuracy to 270 8.1 mm (GO4), which corresponds with the previous assessment of the coordinates' repeatability. 271
Similarly, ZTDs and tropospheric gradients recorded some degradation when the elevation angle cut-272 off was raised from 3 degrees to 7 degrees (GO2) or 10 degrees (GO3). No impacts were observed 273 from modelling high-order ionospheric effects. 274
Comparing GO4 and GO6 solutions with those of an independent source revealed that standard 275 deviations dropped from 0.38 mm to 0.28 mm and from 0.40 mm to 0.29 mm for the East and North 276 gradients, respectively. The slightly worse performance of the GO4 solution is attributed to the fact 277 that tropospheric horizontal gradients were estimated with a 6-hour sampling interval and a piece-278 wise linear function without the application of absolute or relative constraints. In such cases, 279 increased correlations of these gradients with other parameters can cause additional instabilities in 280 processing certain stations at specific times; these gradients can then absorb remaining errors in the 281 GNSS analysis model. The mean biases of the tropospheric gradients are considered to be negligible, 282 but we will demonstrate in the following section that some large systematic effects were indeed 283 discovered and were attributed to the quality of GNSS signal tracking. 284 which can be attributed to the varying quality of historical observations and precise orbit products. 293
The mean bias varies from -3 to 1 mm during this period, with a long-term mean of -1.8 mm (Table  294 5). This long-term mean is relatively small compared to the recorded ZTD uncertainty of 295 approximately 5 mm. 296
Finally, Figure 6 displays is needed in cases of applying sub-daily resolutions. Although it is not shown in the figure, the mean 310 standard deviations of the GO2 and GO3 solutions also increased by 8% and 12%, respectively, when 311 they used a higher elevation angle cut-off than the GO4 and GO6 solutions. However, no significant 312 differences in the mean biases of these North and East tropospheric gradients exist between these 313 solutions, although they share a common high variability during the years 1996-2001. 314 5 Relationship between tropospheric gradient biases and antenna 315 tracking 316 Using a new interactive web interface to conduct tropospheric parameter comparisons in the GOP-317
TropDB (Győri and Douša, 2016), we observed large systematic tropospheric gradients during specific 318 years at several EPN stations. Generally, from GNSS data, we can only estimate total tropospheric 319 horizontal gradients without being able to distinguish between dry and wet contributions. The 320 former is mostly due to horizontal asymmetry in atmospheric pressure, and the latter is due to 321 asymmetry in the water vapour content. The latter is thus more variable in time and space than the 322 former (Li et al., 2015) . Regardless, mean gradients should be close to zero, whereas dry gradients 323 may tend to point slightly more to the equator, corresponding to latitudinal changes in atmosphere 324 thickness (Meindl et al., 2004) . Similarly, orography-triggered horizontal gradients can appear due to 325 the presence of high mountain ranges in the vicinity of the station (Morel et al., 2015). Such 326 systematic effects can reach the maximum sub-millimetre level, while a higher long-term gradient 327 (i.e., >1 mm), is likely more indicative of issues with site instrumentation, the environment, or 328 modelling effects. Therefore, in order to clearly identify these systematic effects, we also compared 329 our gradients with those calculated from the ERA-Interim. 330
It is beyond the scope of this paper to investigate in detail the correlation between tropospheric 331 horizontal gradients and antenna tracking performance. However, we do observe a strong impact in 332 the most extreme case identified when comparing gradients from the GNSS and the ERA-Interim for 333 This situation demonstrates the high sensitivity of the estimated gradients on data asymmetry, 356 particularly at low-elevation angles. The systematic behaviour of these monthly mean gradients, 357 their variations from independent data, and their profound progress over time seem to be useful 358 indicators of instrumentation-related issues at permanent GNSS stations. These results can thus be 359 used as useful tools for cleaning up GNSS historical archives, a necessary step before starting the 3 rd 360 EUREF reprocessing. 361
Conclusions
362
In this paper, we present results of the new GOP reanalysis of all stations within the EUREF 363
Permanent network during the period of 1996-2014. This reanalysis was completed during the 2 nd 364 EUREF reprocessing to support the realization of a new European terrestrial reference system. In the 365 2 nd reprocessing, we focused on analysing a new product -GNSS tropospheric parameter time-series 366 for applications to climate research. To achieve this goal, we enhanced our strategy for combining 367 tropospheric parameters at midnights and at transitions in GPS weeks. We also performed seven 368 solution variants to study optimal troposphere modelling; we assessed each of these variants in 369 terms of their coordinate repeatability by using internal evaluations of the applied models and 370 strategies. We also compared tropospheric ZTD and tropospheric horizontal gradients with 371 independent evaluations obtained by numerical weather reanalysis via the ERA-Interim. solution. Vertical repeatability was reduced from 4.14 mm to 3.73 mm when using the VMF1 375 mapping function, a priori ZHD, and non-tidal atmospheric loading corrections from actual weather 376 data. Increasing the elevation angle cut-off from 3° to 7°/10° increased RMS errors of residuals from 377 these coordinates' repeatability. All of these factors were also confirmed by the independent 378 assessment of tropospheric parameters using NWM reanalysis data. 379
We particularly recommend using low-elevation observations along with the VMF1 mapping 380 function, as well as using precise a priori ZHD values with the consistent model of non-tidal 381 atmospheric loading. While estimating tropospheric horizontal linear gradients improves 382
coordinates' repeatability, 6-hour sampling without any absolute or relative constraints revealed a 383 loss of stability due to its correlations with other parameters. Finally, assessing the tropospheric 384 horizontal gradients with respect to the ERA-Interim reanalysis data revealed some long-term 385 systematic behaviour linked to degradation in antenna tracking quality. We presented an extreme 386 case at the Mallorca station (MALL), in which gradients systematically increased up to 5 mm from 387
2003-2008 while pointing in the direction of prevailing observations at low elevation angles. 388
However, these biases disappeared when the malfunctioning antenna was replaced. More cases 389 similar to this, although less extreme, have indicated that estimated tropospheric gradients are 390 extremely sensitive to the quality of GNSS antenna tracking, thus suggesting that these gradients can 391 be used to identify problems with GNSS data tracking in historical archives. 392
One of the main difficulties faced during the 2 nd reprocessing was that of the quality of the historical 393 data, which contains a large variety of problems. We removed data that caused significant problems 394 in network processing when these could not be pre-eliminated from normal equations during the 395 combination process without still affecting daily solutions. To provide high-accuracy, high-resolution 396 GNSS tropospheric products, the elimination of such problematic data or stations is even more 397 critical considering the targeting static coordinates on a daily or weekly basis for the maintenance of 398 the reference frame or the derivation of a velocity field. Before undertaking the 3 rd EUREF 399 reprocessing, which is expected to begin after significant improvements have been made to state-of-400 the-art models, products and software, we need to improve data quality control and clean the EUREF 401 historical archive in order to optimize any future reprocessing efforts and to increase the quality of 402 tropospheric products. These efforts should also include the collection and documentation of all 403 available information from each step of the 2 nd EUREF reprocessing, including individual 404 contributions, EUREF combinations, time-series analyses and coordinates, and independent 405 evaluations of tropospheric parameters. 406 
